INTRODUCTION
The primordial earth surface exposed minerals comprised mainly of carbonates, silicates and smaller amounts of phosphates. Weathering eventually led to the dissolution of the surface rock and the leaching of their components into the rivers, lakes and oceans. There, complex chemistry depending upon the temperature, pH, pressure, and atmospheric carbon dioxide content led to the reprecipitation of the dissolved minerals into new forms as part of the sedimentary rock. The minerals themselves could be transformed by passive diagenesis to further structures. When primitive organisms emerged, they added a very significant component to the processing of the dissolved mineral constituents in the marine environment, where both prokaryotic and eukaryotic organisms have the ability to produce mineralized skeletal elements and mineralized fecal pellets that also accumulate in the marine sediments. The increasing diversity of plant and animal life has continually accelerated the dynamic relationship between the composition of the earths crust and the living world. The resulting minerals of biogenic origin comprise a surprisingly large portion of the earths crust, and represent a huge reservoir of sequestered carbonate, silicate and phosphate ions. The majority of the carbonates appear as calcite or aragonite, produced principally by plankton, invertebrates and so on, while the phosphates, as carbonated hydroxyapatite, are the products of vertebrates as well as the weathering of igneous rock.
This chapter is focused on the mechanisms of formation of the vertebrate mineralized structures; bone, tooth enamel, tooth dentin and otoliths. Although other Chapters deal explicitly with the invertebrate and bacterial systems, we need to consider if there are any general considerations that apply to all biogenic mineralization systems. We shall begin from that perspective and inquire as to the way by which living organisms can organize their mineral phases into such complex and specific structures.
BIOMINERALIZATION: GENERAL ASPECTS
The term "Biomineralization" implies that a mineral phase that is deposited requires or is occasioned by the intervention of a living organism. This can happen in two basic ways, either the mineral phase develops from the ambient environment as it would from a saturated solution of the requisite ions, but requires the living system to nucleate and localize mineral deposition, or the mineral phase is developed under the direct regulatory control of the organism, so that the mineral deposits are not only localized, but may be directed to form unique crystal habits not normally developed by a saturated solution of the requisite ions. Moreover, the shape, size and orientation of the crystals may be controlled by the cells involved. However, it must be emphasized that all of the biomineral deposited may not be crystalline. In a very famous paper (Lowenstam 1981) and two extended elaborations (Lowenstam and Weiner 1982, 1989 ) the first type of mineralization was called "biologically induced" mineralization and the second "(organic) matrix-mediated" mineralization. Single-celled organisms and protoctists such as algae may deposit biologically-induced mineral either intra-or extra (inter)-cellularly. The majority of eukaryote matrix-mediated mineralization is extracellular.
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An important generalization that can be made with respect to matrix-mediated mineralization is that the mineralization takes place within defined and restricted compartments or spaces. In essence, this compartmentalization of mineral deposition is crucial to the entire process, as it demands that the construction of the compartment or space take place first, and that mechanisms exist for regulation of the flux of organic components and the mineral ions into the localized space. This is very different from the absorption of mineral ions from solution onto a preformed surface of organic polymers with subsequent mineral crystal growth limited only by the further uptake of ions from solution. In matrix-mediated mineralization the physical size and shape of the space may be crystal volume and shape limiting. A variety of means are used to construct compartment boundaries. The compartments do not have to be completely sealed. The compartment walls may contain pores, and channels with limited access may serve as well as sites for mineral deposition.
One of the most compelling examples of a compartment structure is illustrated in Figure 1 , a compilation of data obtained by several investigators on the structure of the shells of the bivalves, Pinctada radiata, Monodonta labio, Callistoma unicum. Sectioned perpendicular to the shell surface, it can be seen in Figure 1A that the most heavily mineralized portion of the shell in Pinctada is like a brick wall, with layers of mineral plates of aragonite stacked on top of each other, but clearly separated by an intervening material of non-mineral origin. Looking at a plane parallel to the shell surface, Figure 1B , in a mature shell growth zone layer, scanning electron micrographs clearly show the plates to be hexagonal and separated by wall material. After demineralization with EDTA in such a way that the organic matter was not disrupted, Figure 1C , the compartment walls were clearly visualized. Figure 1D shifts the view to the earliest growth layer, adjacent to the shell forming cells. It is clear that the compartment walls have been constructed, and that the mineral begins to form at a single central point near the base of the compartment. The highly hydrated matrix filling the compartment contains a fine network of matrix macromolecules, revealed by transmission electron micrographs (not shown here). The aragonite plates grow in size until they fill each compartment. The stack of plates may contain an organic core at the center of each plate, Figure 1E . Thus, there may be a channel for the transport of the required mineral ions into each compartment until the tablets of mineral fill the entire compartment. The fine filamentous matrix within each compartment is occluded in the mineral phase as the compartment fills, as shown by electron micrographs of partially demineralized shell matrix, Figure 1F . The most important point established in these views of the growing region of the shell is that the structural matrix is indeed formed first and has mechanical integrity; the second point is that the matrix within the compartment contains other macromolecules that may be involved with crystal nucleation. The structural macromolecular framework may not have nucleation capability. In the mollusc shell, Weiner and Traub (1984) described the shell organic matrix itself as a complex of several layers. The polysaccharide β-chitin is the main structural component. Initially, it was reported that the next layer was silk fibroin, upon which acidic macromolecules were deposited. These were proposed to be the molecules directing the apposition of the aragonite crystals. More recently, cryo-TEM studies of Atrina serrata shell indicated that the silk fibroin was not present as a defined layer. Rather, prior to mineralization, the silk was in a hydrated gel state, and as shown in Figure 2 , it is likely that aragonite crystal growth takes place within the hydrated layer, while the Asp-rich acidic protein is at the chitin−gel interface (Levi-Kalisman et al. 2001 ).
An example of mineralization in channel spaces is the mineralization within sea urchin teeth. Figure 3 shows a microCT scan of a Lytechinus variegatus tooth cross section (Fig. 3B) in an area where the mineral is being deposited in the structures known as the primary plates and the corresponding section stained directly for the organic matrix (Fig. 3A) . The cellular network forms a set of syncitia in which multinucleated layers of cellular material are bounded by cell membrane. The mineral crystals of the primary plates, calcite in this case, grow in the channels defined directly by the cell membranes. The intimate layering of cell contents and calcite crystals has made it very difficult to determine the nature of the macromolecules that may be associated specifically with the inter-membranous mineral phase, as compared to the contents of the cells themselves. Nevertheless, it has been possible to determine that there are several likely mineral-related protein components (Veis et al. 1986; Katijima et al. 1996; Veis et al. 2002) . From our own studies, not yet complete (Barss et al., unpublished results, 2003) , it appears that at least one of the important showing the relationship between the structural β chitin and the silk fibroin gel. The Asp-rich proteins, thought to be part of the mineral nucleating system are at the chitin, silk fibroin interface. There are also Asp-rich proteins occluded in the gel, and presumably, the mineral phase. proteins is intercalated into the cell membrane, and has a role comparable to that of the Asp-rich protein of the mollusk shell at the interface between the silk fibroin gel and the crystal surface. The sea urchin tooth is a continuously growing structure, with its size and mineral content increasing from the aboral plumula to the adoral incisal edge. All stages of growth and mineralization are present in a single tooth at all times, making this a very interesting system to study. The three dimensional reconstruction of the mineral distribution made possible by microCT scanning indicates that the crystals in the plane of the inter-membrane space are quite large, while their thickness remains small. The components of the inter-cell membrane compartments must enter via transport from the cells through the cell membrane. Labeling with tetracycline shows that calcite deposition takes place in all parts of the teeth, even in the oldest adoral zone. Although it is far from proven at this point, it is reasonable to hypothesize that the presumed membrane proteins provide the interactive sites for mineral crystal initiation within the inter-membrane plate channel space in this matrix-mediated mineralization system. In effect, the syncitium of cells provides the structural matrix. There are no defined polymeric organic matrix structural compartment walls, as evident in the bivalve shells.
A quite different system and organization is seen in the structure of the avian eggshell, one of the two systems in which the mineral phase in a vertebrate is calcium carbonate derived rather than a calcium phosphate. The mineral phase deposition takes place within a very well defined zone during the passage of the egg through the oviduct. In addition to secreting albumen, the epithelial cells of the oviduct also secrete a variety of proteins and proteoglycans that organize into distinct layers and tightly regulate the shell structure. As shown schematically in Figure 4 (Gautron et al. 2001) , the inner shell membrane is not mineralized, but consists of type I and X collagens, several glycoproteins, and proteoglycans. Dense aggregates called mammillary knobs form on the shell membrane surface. These are mainly mammillan, a keratan sulfate proteoglycan, and they act as nidi for crystal growth. The calcite crystals that make up the bulk of the shell grow in a complex matrix of glycoproteins and proteoglycans (Soledad Fernandez et al. 2001 ) which guides their orientation into parallel arrays to form what is known as the palisade layer. Crystal elongation is stopped by the formation of a final cuticle comprised of still other proteins, localized in the fluid of the oviduct. This is a dynamic process and regulation is kinetic in the sense that during the passage of the egg through the oviduct one sees both topographic localization of the components of the oviduct fluid, and the temporal secretion of the shellforming macromolecules. It is not important to consider the details of these processes here, the main point is that within this open system where the egg traverses the restricted space of the tubular oviduct in about 22 hours, the epithelial cells regulate the composition of the secreted proteins and proteoglycans available at every point, and thus closely control the shell mineralization. It is noteworthy that the type I collagen within the inner shell membrane, the principal membrane constituent, does not mineralize. The calcium carbonate crystals are initiated with respect to the sulfated mammillan.
The three examples given above do not represent all possibilities for matrix-mediated biomineralization, but were chosen to emphasize the wide range of situations that nature has used. The mollusk builds its shell layer by layer, creating fixed compartments that can be filled by injections of the proper components in the correct ratios. Once the spaces are filled, the mineralized matrix remains through the life of the animal. A finer control is achieved by the echinoderm. The teeth are used to scrape algae and other organisms off of hard rock surfaces; hence their incisal edge is worn away. The teeth, as in rodent incisors, respond with continual growth. Each tooth remains "alive" with viable cells throughout from the initial cell divisions in the plumula to their disappearance as they are removed as the incisal edge is worn off. The matrix is never entirely mineralized, and the cellular compartments may always be capable of metabolic response and some repair. The mineral phase is in direct apposition to the cell membrane. The avian egg shell is closer to the mollusk situation although the mineralized compartment is prepared in assembly line fashion along the oviduct with varying compartment walls (e.g., the inner shell matrix is distinct in composition from the shell cuticle). In each case, however, the scenario is the same: a structural interface is created in a delimited space; a second set of macromolecules interacts with the structural interface and creates sites for the specific deposition of the mineral phase; and, finally, macromolecules either bind to the mineral at certain crystal faces to inhibit growth or the compartment walls themselves impede further crystal growth. The selective pressures determined by the ultimate use of the mineralized tissue must have determined the strategy selected during evolution. As we shall now explore, the vertebrate mineralized tissues were designed to fit a variety of particular requirements, thus all bone in a given animal, for example, is not the same in architecture, in composition or in metabolic activity. Nevertheless, all bone uses a similar repertoire of macromolecular components in meeting its functional requirements. The size, shape, orientation and composition of the mineral crystals in different vertebrate mineralized tissues are obviously crucial to the particular function of a given tissue, but our emphasis will be on the organic matrix components that control those properties.
THE COLLAGEN MATRIX
The structural matrices of vertebrate bone, dentin and cementum are comprised essentially of a network of type I collagen fibrils, built in distinct hierarchical arrays from type I collagen molecules. The ways in which the collagen fibrillar arrays are constructed have a direct relationship to the arrangement of the mineral phase, a carbonated apatite.
The designation "type I" collagen indicates that several different collagens exist, and, in fact, "collagen" is now used to denote members of a large family of proteins that share certain common features. More than 40 vertebrate genes have been identified as members of the collagen family (Pace et al. 2003) , and there are related genes in invertebrates as distant as sponges, sea urchins, and the byssus threads of mussels (Lucas et al. 2002; Boot-Handford and Tuckwell 2003) . The key feature defining a collagen is the presence of continuous or interrupted sequences in the individual polypeptide chains of repeated (GXY) n amino acid sequence domains. (In the single letter abbreviations for amino acids, G is Glycine while X and Y may be any amino acid.) These domains on one polypeptide chain interact with similar domains on two additional chains to form compound triple-helical units with characteristic folding, the "collagen-fold." In the collagen fold domains, the X and Y chain positions can accommodate any amino acids except cysteine and tryptophan. In the vertebrate collagens, X is frequently P (proline) and Y is P or O (hydroxyproline). The 40 different chains can assemble into homotrimeric or heterotrimeric triple-helical structures, with the requirement that the lengths of the (GXY) n domains on each chain must match the lengths on the partner chains so that stable triple-helical segments can be formed. As of this time, 27 different combinations of chains have been recognized as assembled into distinct molecules.
The molecular forms have been grouped into several broad classes: fibrillar collagens, types I, II, III, V, XI, XXIV and XXVII, which are all characterized by a long uninterrupted triple helix containing 300 or more GXY repeats; network forming collagen, type IV, with shorter interrupted triple-helix segments joined by more flexible, hinged chain regions (Blumberg et al. 1987 (Blumberg et al. , 1988 so that three-dimensional nets can be formed; and the remaining FACIT or fibril-associated collagens with interrupted triple helix (Olsen et al. 1989 ) that may be involved in linking other extracellular matrix components to the fibrillar matrix or in regulating fibril size or other properties. In all cases the triple-helical domains are bounded by "noncollagenous" (NC) sequence domains that do not fold into triplehelical conformations, although in the three-chain assembly interactions of both covalent and non-covalent nature may form between NC domains. The collagens of primary importance to this discussion of the vertebrate mineralized tissues are the fibrillar collagens. At the protein level, collagens I, II, and III are the major fibrillar collagens, while collagen types V, XI, XXIV and XXVII are present in minor amounts. All of the fibrillar collagens are related in terms of their gene structure as well as amino acid structure. The exons of the fibrillar collagen genes within the triple helical regions all appear to have been derived by gene duplication from a primordial 54 base pair (18 amino acid, [GXY] 6 coding) gene. Type I, V and XI collagens form heterotrimers, with types I and XI having two chains, designated COL1A1 and COL1A2, and COL11A1 and COL11A2, respectively. Type V forms heterotrimers built from COL5A1, COL5A2, COL5A3 chains. Type II molecules are homotrimers comprised of COL2A1 chains, and similarly type III is comprised of three COL3A1 chains. Types XXIV and XXVII are probably homotrimers constructed from COL24A1 and COL27A1 chains, respectively. Phylogenetic analyses show the major and minor fibrillar collagens separate into three clades, Figure 5 . The organization of the exons of different sizes within the triple helical regions is different in detail in each case but leads to the same type of major triple helix. However, a major difference can be seen in Figure 6 (Välkkilä et al. 2001; Pace et al. 2003) relating to the NC domains flanking the major helix. Clearly, the composite Nterminal NC domains of the three lineages are quite different; the minor fibrillar collagens all have very large and complex N-terminal NC domains as compared to the much smaller N-terminal NC domains of the major fibrillar collagens. On the other hand, although they are different and have been used to distinguish the phylogenetic relationships of the fibrillar collagens, the C-terminal NC domains are similar in Välkkilä et al. (2001) and Pace et al. (2003) with permission of Elsevier. The very major differences in the N-propeptide domains and N-telopeptide domains, linked to extracellular organization, in contrast to the similar structures of the C-propeptide domains, related to intracellular molecular assembly, are evident. The N-propeptide differences are the basis for the division into distinct clades.
structure. This must relate to the function of the C-propeptide (NC1) domains in the assembly of the trimeric molecules, to be discussed below.
Molecular assembly of the Type I collagen molecule
The COL1A1 and COL1A2 terminology relates to the polypeptide chain that is the product of the translation of the entire final processed messenger RNA. Since each chain is itself a multi-domain structure that is post-translationally processed into the final functional units during the initial three chain association into molecules, the subsequent export into the extracellular space, and the assembly into tissue specific fibrillar arrays, a different nomenclature was developed. The individual biosynthetic products, with all domains intact, are designated as pro-alpha chains, pro-α1(I) and pro-α2(I), respectively. The normal type I procollagen heterotrimer (with all domains intact) has the formula ([pro α1(I)] 2 pro α2(I)). The homotrimer [pro α1(I)] 3 also is formed, but only a small fraction of the collagen assembles in this fashion. The potential homotrimer [pro α2(I)] 3 does not appear to exist naturally. Figure 7 provides a schematic overview of the pro α1(I) and pro-α2(I) chain domain arrangements and domain sizes. The central domain of 338 GXY amino acid repeats that fold into the uninterrupted triple helix structure is identical in length in each chain, but the sequences (G is always in the proper position, but X and Y differ between chains) are not. Regions or subdomains with special reactivity or properties exist even within the uninterrupted triple helix and these areas are also denoted specifically. Lysine residues (K) that ultimately participate in cross-linking reactions are depicted by the heavy arrows at residues K87 in both chains and at residue K930 in the α1 chain. K933 in the α2 chain can also participate in cross-linking. The remaining domains differ in sequence and size. Assembly of the ribosomes and translation of the mRNA begins in the cytosol. Following elaboration of the signal peptide sequences translation is paused until the signal peptides find their receptors on the endoplasmic reticulum (ER). After the signal peptides insert the nascent chains into the ER cisternal space, chain synthesis and elongation resume within the restricted ER space and environment, Figure 8 . The growing chains remain in the unfolded state until elongation is essentially completed. As they grow the separate chains are subject to a number of interactions and post-translational modifications that modulate the chain properties and prepare them for their ultimate functionality. One important interaction is with an ER-resident chaperone, heat-shock protein Hsp 47, which reacts specifically with the nascent α1 N-propeptide, and perhaps other parts of the chain, to prevent premature interchain interaction and random collagen-fold formation (Hu et al. 1995) . Koide et al (2002) have shown that, within the ER, HSP 47 binds to the newly formed triple helix, stabilizing the structure until helix formation is complete and is ready for export to the Golgi. Chaperone proteins have the function of preventing misfolding of nascent protein chains. HSP 47 is uniquely a chaperone for collagen. Although it has been known for a long time that full length collagen chains properly in register can form triple-helix in either direction, i.e., N C or N ⇐ C (Veis and Cohen 1960; Drake and Veis 1964; Frank et al. 2003) , in vivo the triple helical folding is in the C N direction (Bruckner et al. 1981 , Bachinger et al. 1980 , following completion of elongation and registration of the Cpropeptides. Recent studies show that this registration is a very complex process.
The principal modification during chain elongation is that of the hydroxylation of selected proline residues in the Y positions of the repetitive GXY sequences. In this potential helical domain, the sequence GPP occurs frequently. The second (Y-position) P is subject to the action of the enzyme prolyl hydroxylase that places a hydroxyl group on the 4-position of the P pyrrolidine ring. This crucial reaction is both tissue and species specific and regulates the stability of the final triple helix. An unhydroxylated chain will not join into the three chain triple helical structure of collagen at body temperature. That Key points are the brining of the different mRNAs into the same ER compartment, the central but multiple roles of the chaperone protein HSP 47 in stabilizing the chains as they fold into triple helix and in preventing premature interactions until triple helix can begin. At the point of export of completed molecules note that in addition to the major pathway of heterotrimer formation movement to the Golgi, a lesser amount of α1(I) folded homotrimer also moves on for secretion whereas misfolded, or unfolded chains are moved into the lysosomal pathway for degradation.
is, the unhydroxylated collagen molecule is intrinsically unstable at body temperature, and hydroxylation to a certain level is required to permit formation of the three-chain structure. The collagens of cold-water fish, for example, are lower than that of land animals living at higher ambient temperatures. The mechanism of the stabilization is an area of current debate (Burjanadze 1979; Burjanadze and Bezhitadze 1992; Burjanadze and Veis 1997; Leikina et al. 2002) but the hydroxylation reaction is well understood.
The extended 15 triplet GPP rich domain within the N-propeptide of the nascent elongating α-chain probably begins to be hydroxylated immediately; therefore premature helix formation must be inhibited. This is probably accomplished through interactions of the nascent α1(I) N-propeptide chains with Hsp47 (Sauk et al. 1994; Hu et al. 1995) . Molecular assembly may take place while the chains are still anchored to the endoplasmic reticulum membrane (Beck et al. 1996; Gura et al. 1996) . An important fact is that hydroxylation of all potential substrate sequences in a single chain generally does not occur (Bornstein 1967) . The rate of chain elongation is faster and of higher fidelity than the posttranslational enzymatic reactions, introducing hydroxylation microheterogeniety into any collagen tissue. The critical stability of the triple-helix is reached before all of the posttranslational hydroxylation reactions are completed. Chains in the triple helical conformation are no longer substrates for prolyl hydroxylase so that hydroxylation ceases. This important physiological mechanism assures that the final triple-helical collagen molecule is held to a marginally stable state at the host body temperature. As triple helix forms Hsp47 binds and stabilizes the structure while it is still being processed in the ER compartment. The Hsp47 is released at the time that the completed molecule is passed on to the Golgi compartment for secretion. The marginal stability of the collagen at body temperature enables the turnover and remodeling of collagen, and may be especially important in bone, since bone collagen is remodeled at a much faster rate than soft tissue collagens. The cut ends resulting from a proteolytic cleavage within the helix destabilize it, and render it more susceptible to further proteolytic degradation.
Selected Lysine (K) residues in the Y-position on nascent collagen chains are also subjected to hydroxylation (Kivirikko et al.1973; Brownell and Veis 1975) , followed by a second post-translational modification, variable glycosylation to either galactosylhydroxylysine or glucosyl-galactosyl-hydroxylsine (Butler and Cunningham 1966) . Like the P hydroxylation, the extent of hydroxylation of the K's is variable, and the subsequent extent and nature of the glycosylation of the K is variable. Moreover, the extent of K hydroxylation and glycosylation is different in hard and soft tissues in a given animal. This has a very important effect on the ultimate tissue properties (Morgan et al. 1970) as explained in detail below. Like prolyl hydroxylase, the enzyme carrying out this reaction, lysyl hydroxylase, acts only on non-helical collagen chains, moreover, there are three lysyl hydroxylases, PLOD1(procollagen-lysine, 2-oxoglutarate, 5-dioxygenase 1), PLOD2 and PLOD3 (Sipilä et al. 2000) . Of these PLOD 1 and PLOD 3 hydroxylate the lysines in the helix region, and possibly regulate their subsequent glycosylation. PLOD 2 and perhaps a fourth PLOD enzyme isoform are involved in the hydroxylation of the telopeptide Lys (Bank et al. 1999; Van Der Slot et al. 2003) . The hydroxylation of the telopeptide lysines is not found in soft tissues, it is a bone and dentin specific process. Interestingly, PLOD 1 has the ability to hydroxylate K87 and K930 as well as other Lys residues in the helix in the type I collagen helix region, whereas PLOD 3 does not hydroxylate K87 and K930. These two helix region Lys residues are involved in the cross-linking reactions.
Secretion
Following synthesis, post-translational modification, chain selection and triple-helical folding, the completed molecules are passed from the ER compartment into the Golgi apparatus and packaged into secretory vesicles. In the vesicles, which finally bud off from the Golgi, the individual molecules appear to be aligned in loose bundles with the same axial orientation. The procollagen molecules within the secretory vesicles retain the bulky propeptide extensions at both ends and these inhibit fibrillar packing within the vesicle. The parallel, aligned collagen aggregates are similar to, but less densely packed than the segment-long-spacing (SLS) form (Bruns et al. 1979; Hulmes et al. 1983 ). The secretory process has been described at the electron microscopic level by several beautiful studies (Weinstock and Leblond 1974; Birk and Linsenmeyer 1994; Prockop and Hulmes 1994) .
The mineralized tissues appear to handle the exocytosis of the procollagen from the odontoblasts and osteoblasts quite differently from the soft tissue fibroblasts. According to Birk and Linsenmeyer (1994) , in tendon the contents of the vesicles are exocytosed into confined spaces in extracytoplasmic channels where they fuse or merge into filaments within the restricted channel space. Osteoblasts and odontoblasts do not show the kind of channels demonstrated in tendon, rather the secretory vesicles appear to release their contents directly into the open pericellular space (Weinstock and Leblond 1974; Rabie and Veis 1995) . There, the procollagen molecules are trimmed and assemble into fibrils. It is not clear whether the aligned packets of parallel procollagen molecules aggregate to form fibrils directly or disaggregate and then reassemble into fibrils.
Fibrillogenesis
The procollagen molecules, which can be readily isolated from fibroblast tissue culture supernatant, are very soluble so long as they retain both N-and C-propeptide domains. In vivo, different procollagen peptidases specific for the N-and C-propeptides are present and cleave the propeptides from the main triple helical section. The order of cleavage is important, it is not possible to form filaments with collagens containing the C-propeptide (Kadler et al. 1987 (Kadler et al. , 1990 , and thus, the C-propeptide must be excised first. Molecules with the N-propeptide attached still can form axially extended structures (Lenaers et al. 1971; Pierard et al. 1987) , as seen in Dermatosparaxis (Levene 1966; Lenaers et al. 1971) , but the aggregation is generally restricted to thin sheets in staggered arrays, with the bulky Npropeptides on either side of the collagen sheets (Hulmes et al. 1989 ).
When both propeptides have been cleaved one is left with rod-like collagen I monomers with an uninterrupted triple helical segment that consists of 1014 residues, 338 GXY triplets in each polypeptide chain, trimmed by the short telopeptide regions at each end (see Fig. 7 ). The molecules are about 296 nm in length and 1.5 nm in diameter. The type I monomers are semi-flexible as clearly demonstrated by electron micrographs of rotary shadowed collagen monomers ( Fig. 9 ) (Veis 1982; Hofmann et al. 1984) , by viscoelasticity measurements (Nestler et al.1983; Amis et al.1985) , and by electric birefringence and dynamic light scattering solution measurements (Bernengo et al. 1983 ). The electron microscopy and viscoelasticity studies, in particular, demonstrated that there were several points of higher flexibility. The major triple helix stability arises from GPP and GPO rich regions (Kuznetsova and Leikin 1999) , while sequence regions with a lower content of P and O are more flexible (Malone and Veis 2003) . These regions of lesser stability are of crucial importance for the collagen structure. They represent the sites of helix region-telopeptide interactions that are most important for establishing the axial repeat order in the fibril and the regions where cross-linkages can form. When both propeptides are properly excised, the collagen forms fibrillar structures in which all of the molecules are essentially axially oriented. The in vitro assembly of collagen monomers is a path dependent process. While the detailed mechanism of assembly is debatable (Veis and George 1994; Kuznetsova and Leikin 1999) the result is the formation of fibrils indistinguishable in packing arrangement from those formed in vivo. In vitro the kinetics of assembly and fidelity of the packing order are crucially dependent upon the intactness of the telopeptide regions. Figure 9 shows electron micrographs of the collagen monomer (Fig. 9A) , the parallel-packed SLS form ( Fig. 9B ) and the structure of a typical fibril (Fig. 9C ). The SLS aggregate (Fig. 9B) , has an asymmetric banding pattern, in a combination positive/ negative staining procedure, showing 52 or 53 clearly demarcated bands. This asymmetry of the band pattern confirms the identical orientation of the molecules within the SLS aggregate, with all of the molecules in the same N to C orientation. The stain pattern is directly related to the sequence of charged amino acid side chains. The length of the SLS corresponds to the contour length of the monomers, 290 nm, as demonstrated in Fig. 9A . On the other hand, the fibril (Fig. 9C ) has a periodicity of 67 nm. The problem of packing rigid rods ~ 300 nm long to achieve a ~67 nm periodic structure (D-periodic) was solved (in two dimensions) by Petruska and Hodge (1964; Hodge 1989) as the "quarter staggeroverlap" packing arrangement. Each molecule is about 4.4 times the D-period length. Each molecule can be considered as divided into 5 consecutive segments, numbered 1, 2, 3, 4, 5 in the N to C direction. Segments 1, 2, 3 and 4 are 1-D in length. Segment 5, containing the C-terminal telopeptide as depicted, is 0.4-D in length (Fig. 9D) . The minimum possible cross section of a D-periodic fibril would contain 5 molecules in the overlap zone and 4 in the gap region. Thus, each D-period has a minimum of 5 molecular sections from 5 neighboring D-staggered molecules. In this two-dimensional representation, the 5 sections in the D-period correspond to the full contents of a complete molecule. However, the "gap" or "hole" section of ~0.6 D has 4/5 the density of the "overlap" and the contents of molecular sections 1, 2, 3 and 4 only. The PetruskaHodge model ruled out the possibility of linear end-to-end aggregation between molecules and emphasized the overlap zone side-by-side molecular interactions.
Fibril structure
The telopeptides, at the ends of each molecule, are at the boundaries of the gap regions. The consequences of this structure are enormous. As soon as one moves from the 5 molecule limiting microfibril to larger diameter assemblies and packs the molecules or limiting fibrils in register to duplicate the band pattern in a normal collagen fibril (from 80 to 1000 Å in diameter) one realizes that the structure is filled with in-register defects which can form channels throughout a fibril. These empty channels are, in fact, where the mineral crystals in bone, dentin and cementum form. However, in fully mineralized mature bone or dentin all the mineral does not fit in the gap channels, there is always some mineral deposited between fibrils and between large fibers. That is, the mineral can have three placements: in the periodic gap spaces and related channels (intrafibrillar), in the pores between microfibrils (intrafibrillar), and in the spaces between packed fibrils, a hierarchical arrangement. The chemistry of the gap zone is most interesting. The telopeptides bounding the gap are chemically reactive and participate in the cross-linking reactions. The gap zone itself may be a site for the binding of noncollagenous proteins and other molecules, themselves with potential biologic activity.
A single two-dimensional layer of molecules in D-periodic array within a fibril is shown in Figure 10 . Each "point" along each chain represents the correct amino acid in the sequence of each of the three chains. The letters in larger font are the positions of the ionic groups, Arg, Lys, His, Asp and Glu. Wherever the clusters or patches of ionizable groups appear it is not possible to have the GPP or GPO triplets, and these sequence regions have a lower intrinsic triple helical stability than those rich in P and O. It is possible that salt bridges between adjacent positively and negatively charged residues can increase local stability (Venugopal et al. 1994; Long et al. 1995) in compensation for the lack of P and O. It is evident in Figure 10 that the charged groups are clustered, not distributed randomly along the fibril length, and that the charged clusters correspond very well with the positive stain band pattern. In Figure 10 the basic residues in the e-band region of the gap zone are emphasized in a larger, bold font and the acidic residues are in larger font only. The adjacent + − pairs are obvious, but all of the groups are not paired, as is the case throughout each molecule, giving rise to a distinctive net charge pattern. These sequences with excess charge may be regions of heightened molecular flexibility.
When the molecules aggregate side by side in a 0 D-stagger (SLS form) or in Dstaggered fibrils, intermolecular interactions potentiate the helix stability and stiffness so that the molecules within the fibrils or SLS exhibit nearly their full extension in the axial direction. The melting temperature of non-crosslinked collagen fibrils is on the order of 20°C higher than the monomer in solution, indicating that the intermolecular packing energy contributes to the helix stability and molecular stiffness. On the other hand, the denaturation temperature of an unhydroxylated collagen monomer is about 15°C lower than that of a fully hydroxylated monomer, indicating that the hydroxylated GPO triplets also add to the overall molecular stability in an aqueous environment.
All type I collagen fibrils exhibit a distinctive X-ray diffraction pattern indicative of the long-range triple helical organization. However, the coherence length of the crystalline regions of tendon fibers, sampled in the meridional (axial) direction, is only ~ 120 Å, significantly shorter than the molecular length. Thus, there must be more disordered regions interspersed between the most highly crystalline zones. Similarly, the diffraction pattern along the equator shows a diffuse equatorial scattering indicating only a liquid-like short-range order in the direction perpendicular to the fibril axis (Miller 1976; Woodhead-Galloway et al. 1976) . NMR data on fibrillar collagen showed that individual chains retained azimuthal mobility even within the fibrils, indicating that segments of the molecules were free to rotate about their long axis (Jelinski et al. 1980; Torchia 1982) , probably correlating with the less ordered segments between the most highly crystalline regions. The problem of the three dimensional packing of fibrils so as to permit both crystalline segments, short range disorder and chain rotational freedom (Fraser et al. 1983; Wess et al. 1995) was studied by Hulmes et al. (1995) who proposed that the D-period could be considered as containing four structurally significant segments, the N-terminal junction at the gap-overlap interface, the remaining overlap Traub et al. (1992b) the eband is the locus of the first mineral crystals in turkey tendon mineralization.
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(five molecular segments), the C-terminal gap-overlap interface, and the remaining gap, with 4 molecular segments. The "internal" gap and overlap regions were proposed to have 80 % and 60 % liquid-like radial disorder, respectively, while both gap-overlap interface regions containing the N-and C-telopeptides had the highest degree of crystallinity.
The basic units of assembly that exhibit all of the features of the quarter-stagger array are of two types, a microfibril structure in which the molecules assemble in a symmetric (Veis et al. 1967; Smith 1968) or asymmetric (Veis and Yuan 1975; Trus and Piez 1980) compressed microfibril array. In the microfibril models, the thin or "limiting" microfibrils coalesce laterally to form larger fibrils and fibers, with lateral registration of gap and overlap regions. An alternate proposition was direct assembly into a quasihexagonal pattern (Hulmes and Miller 1979) without the involvement of a microfibril intermediate. Current studies favor the quasi-hexagonal model for the final packed structure although dissolution of collagen fibrils results in the appearance of thinner and thinner fibrils apparently unwinding from the larger fibril. That is, it appears as if a fibril is composed of smaller fibril assemblies. Thus, in spite of many years of study, agreement has not been reached on an assembly mechanism.
Cross-linking stabilization
In spite of the beautiful structural arrangement described above, fibrils based on noncovalent interactions alone are quite weak, and the fibrils would have a low tensile strength. Thus, a system of covalent cross-linkages has been developed to provide the appropriate functional strength. The most crystalline regions, as noted above, are in the overlap zones at either edge of the "hole" zone. It is at that point the covalent crosslinkages between the telopeptides and their helix receptors bind the molecules within a fibril together to form a stable polymeric network. The cross-linkages are of several varieties, but essentially involve reactions between the K residues in the telopeptides and specific helix domain K residues, matched in the 4-D staggered pairing of telopeptide and helix domains. However, at the N-telopeptide (segment 1) -helix K930 (segment 5) cross-link sites, and at the C-telopeptide (Segment 5) -helix K87 (segment 1) sites the geometry is different because of the differences in structures and sizes of the two telopeptides (Malone et al. 2003; Malone and Veis 2003) . Figure 11 (top) schematically depicts a cross-section slice through a quasihexagonally packed fibril at the 1-5 overlap level, the N-telopeptide-helix K930 crosslink site. At this level, in three dimensions, the model has a mix of two intermolecular axial staggers, 1-D and 2-D. The 1-D stagger planes of near neighbor molecules are in layers, but because of the triclinic unit cells and the quasi-hexagonal packing each layer is offset from its adjacent layer and this creates a second set of planes in which each molecule is staggered from its nearest neighbors in that plane by 2-D. Each unit cell (outlined in Fig. 11 ) is equivalent to a whole molecule in composition. If the unit cell was considered to form a compressed microfibril, the order within a microfibril would not be the symmetric 1-2-3-4-5 wrapping of the Smith (1968) or Trus and Piez (1980) model, but would have a staggered wrapping preserving the 1 and 2-D steps. The specific azimuthal orientation of near neighbor microfibrils at a particular axial overlap level must be the same. However, the order may persist only over small sets of microfibrils (Hulmes et al. 1981) , and over relatively short distances along the fibril axis. If the cross-section packing had been drawn through the fibril at the level of the C-telopeptide and associated cross-linkages the larger C-telopeptide (Orgel et al. 2000) and its cross-linkage network arrangement requires a different packing arrangement, depicted in Figure 11 (bottom).
The X-ray data indicate that the molecular axes are tilted by ~1.3º with respect to the fibril axis, and this corresponds to one molecular diameter per 234 residue D-period to maintain molecular continuity. Thus, the surface of the "hole" or "channel" changes in a uniform way in the C-telopeptide to N-telopeptide channel, (N→C fibril) direction. The low density holes or channels in the gap zones can be thought of as discrete spaces, but the high liquid-like disorder in the gap zone can also be thought of as permitting distortions allowing the vacant molecular spaces to become filled by solvent, other noncollagenous matrix molecules or crystals larger than a single molecular space. This is an important consideration, since small plate-like crystals of carbonated hydroxyapatite are thought to occupy these intrafibrillar spaces in bone and dentin. The enhanced density of packing at the N-telopeptide and C-telopeptide levels is clear, but the packing and azimuthal orientations of the chains in these more dense and crystalline regions need not be the same. Moreover, upon being filled by mineral or protein ligands, the relative chain orientations may change. Thus, the collagen fibril structure, even after initial assembly, is dynamic and can be modulated by mineralization, cross-linking, interaction with other extracellular matrix (ECM) molecules, and by mechanical forces. Intrafibrillar mineralization is accompanied by expulsion of the water from the fibrils (Lees 2003 ).
Cross-linkage chemistry
As shown by studies of lathyrism (Levene 1966) , a disorder in which cross-linkages are prevented from forming, an assembled collagen fibril stabilized only by the packing interactions with neighboring molecules has little tensile strength. Stress in the axial direction simply causes the molecules to slide along each other and slip apart. Thus, the Figure 11 . Packing arrangements within the cross-linking zones of collagen fibrils, according to Orgel et al. (2001) . The X-ray data on which these drawings were made emphasize the different packing structure in the fibrils at the N-and C-telopeptide cross-linking domains within a fibril. Reproduced with permission of Elsevier.
cross-linkages are required for the development of tensile strength. Once again the differing physiological requirements for the collagen fibril systems are met by a variety of tissue specific cross-linkage densities and chemistries. This discussion will be confined to type I collagen.
Intermolecular cross-linking takes place specifically between the K 16C of the α1(I) C-telopeptides of one molecule with a K87 (α1 or α2) in the helical region opposed to it in the N-terminal sequence of an adjacent 4-D staggered molecule. Similarly, crosslinkages may form between the K 9N of the α1(I) N-telopeptide of one molecule and a 4-D staggered K930 of the α1(I) C-terminal helical sequence in an adjacent molecule. The cross-link chemistry, unlike that of most proteins, is based on the formation of a Schiff base between the ε-amino group of a lysine in the helical sequence and an aldehyde created from the oxidative deamination of a lysine in the telopeptide. The cross-linking takes place only after the fibrils are established in the extracellular matrix, and requires post-secretory chemical modification. The first step in this process is the enzymatic oxidative deamination of the telopeptide ε-NH 2 group and conversion of the ε-CH 2 to an aldehyde, −CHO. The derivatized lysine is called "allysine." The aldehyde then reacts with the appropriate helix K to form a Schiff's base cross-linkage, telo-CH=NC-helix. Schiff's bases are perfectly good covalent bonds creating the initial cross-linked fibril network, but they are quite reactive. The chemistry of the cross-linking is seriously affected by the presence or absence of additional pre-secretory lysine hydroxylation, and possibly glycosylation, in either or both the partners in the cross-linking reaction. Four hydroxylation conditions are possible at each cross-link site:
• telo-HOK-helix K [∆ 6,7 dehydro-5-hydroxy-lysinonorleucine (∆LHN)]
• telo K-helix HOK [∆ 6,7 dehydrohydroxylysinonorleucine (∆HLN)]
• telo-HOK-helix HOK [∆ 6,7 dehydro-5-hydroxy-hydroxylysinonorleucine(∆HLHN)]
The hydroxylated Schiff's bases are unstable and rearrange to more stable form:
Within the close packed cross linking zones, in their very specific intermolecular and intrafibrillar arrays adjacent LKN groups can condense and form a complex pyridinium compound, called lysylpyridinoline (LP), joining 3 polypeptide chains on at least 2 molecules. LKN adjacent to a HLKN can form hydroxylysylpyridinoline (HLP). These are very stable compounds, resistant to disruption by acid or base. However, they are sensitive to ultraviolet radiation; consequently they cannot be found at significant levels in skin. They are present in bone matrix collagens (Robins and Duncan 1987) and cartilage collagen (Farquharson et al. 1996) .
Another tri-functional cross-link is the pyrrole formed from a telopeptide allysine aldehyde and a bifunctional ketonorleucine (HKLN) (Kuypers et al. 1992) . The major locus of that bond is in the N-telopeptide region, with the majority as α2(I)OHK933 × α1(I)K(OHK) 9N × α2(I)K(OHK) 5N and a smaller amount as α1(I)OHK930 × α1(I)K(OHK) 9N × α2(I)K(OHK)
5N
. A C-telopeptide derived pyrrolic cross-link, α1(I)OHK87 × α1(I)K(OHK) 16C × α1(I)K(OHK) 16C has also been found. It was estimated that 85% of the pyrrolic cross-linkages in bone collagen are involved with the N-telopeptide (Brady and Robins 2001) . The placement of the cross-linkages involved in bone is not entirely clear because the methodologies of demineralization, hydrolysis and analysis used by different investigators all affect the stability of these complex bonds in different ways. Thus, while Hanson and Eyre (1996) found a predominant participation of α1(I)K(OHK) 9N × α2(I)K(OHK) 5N in the pyrrole cross-links, Brady and Robins (2001) reported that α1(I)K(OHK) 9N × α1(I)K(OHK) 9N was the predominant form.
In contrast to the pyrroles, the pyridinoline based cross-links are mainly derived from the C-telopeptide regions (Yamauchi et al. 1981 Katz et al. 1989 Katz et al. , 1992 Otsubo et al. 1992) . Virtually all of the available K and OHK in the C-telopeptides were found to be quantitatively converted to the aldehyde form, and these aldehydes stoichiometrically cross-linked to K87 on both α1 and α2 chains of adjacent molecules. Moreover, the telopeptide K in bone was completely hydroxylated, present as OHK. However, the ratio of cross-linked α1-chains to α2-chains was 3 to 1 rather than 2 to 1, suggesting that there was some specificity of structure with regard to the azimuthal orientation in the packing of the bone collagen fibrils. It is important to recall here that the C-telopeptide of α2(I) is devoid of K and hence cannot participate in cross-linking. However, the α2(I) K87 can be present as OHK87 and participate in a cross linkage. Otsubo et al. (1992) and Yamauchi et al. (1989 Yamauchi et al. ( , 1992 showed that the cross-linking in dentin was related to the extent of mineralization. Collagen is secreted from the odontoblasts into an adjacent nonmineralized layer called predentin. Predentin subsequently mineralizes to become the dentin. No collagen is secreted directly into the dentin. The predentin cross-linking was all in the form of DHLN, and at the level of ∼ 2 moles of cross-link per mole of collagen. All the cross-linkages were between C-telo-K 16C and helix-K 87 , so that molecules must be linked to both nearest neighbors as allowed by the quasi-hexagonal packing model formation of an extended system of the appropriate 1-5-1-5-etc. cross-links throughout a fibril. The surprising feature of these data was that in the mineralized dentin, the DHLN cross link content was less than half that of the predentin, 0.86 cross-links per mole of collagen. Moreover, 0.08 moles/mole collagen were HLN and 0.10 mole/mole collagen were in the form of pyridinoline (LP+HLP, PYR)). Further, the predentin DLHN cross-links do not mature to PYR, and it is evident that about half of the bonds are disrupted during mineralization. Perhaps the precursor form of the crosslinkages, ∆HLHN, may exist in the predentin and their maturation is overtaken by the mineralization (15-20 h) before the Amadori reaction has had time to occur, so that in situ the bonds are still labile and reversible. In support of this idea, the free aldehyde content is greater in dentin than in predentin. The mineralization of the dentin matrix may reorganize the fibril network and provide enough energy to disrupt the C-telo to helix bonding network. Any collagen differences between dentin and predentin must be the result of postsecretory processing, tissue maturation and mineralization. The insertion of the mineral phase can change both the fibril organization and chemistry.
More recently, in addition to the pyridinoline tri-functional cross-linking related to the C-telopeptide to helix bonds described above, a set of N-telopeptide to helix pyridinolines were found in bone. The main N-telo related pyridinoline involved α1(I)K 9N − α2(I)K 5N − α1(I)OHK(K)930 (Hanson and Eyre 1996) . The chemical properties of this cross-linkage are such that the N-telo pyridinoline fluorescence, the main procedure used to detect its presence, was quenched on chromatography, leading to the underestimation of its presence. Pyridinolines linking two α1(N) telopeptides to helix were a minor component. The crosslink ratio of HLP to LP differed between N-telopeptide and C-telopeptide sites, and between the individual interchain combinations. Cross-linked N-telopeptides accounted for two-thirds of the total lysylpyridinoline in bone.
It seems paradoxical that the domains with the highest chain packing densities and crystallinity (Hulmes et al. 1995) within bone and dentin collagen fibrils are so readily modified by deposition of the mineral phase. As pointed out earlier, the gap or hole zone spaces within which the mineral crystals may nucleate and grow are not uniform in properties, and, in fact, are the regions of maximum chain disorder. The higher collagen matrix crystallinity at the boundaries of the gap zones does not prohibit the dynamic changes in cross-linking and chemistry that take place during introduction of mineral crystals within the collagen framework.
COLLAGEN MATRIX MINERALIZATION The SIBLING protein family
Many studies have shown that a collagen fibril matrix by itself does not have the capacity to induce mineralization from a solution of calcium and phosphate ions at the appropriate pH, degree of saturation, and temperature. The matrix-regulated models of mineral induction place the focus of mineral nucleation squarely on the organic matrix, and, in particular, on the presence of proteins or polysaccharides with the ability to interact and localize on the structural matrix, and, when bound, induce the nucleation of the mineral deposition (Lowenstam 1981; Veis and Sabsay 1982) . Since these proteins may have more than one function in the mineralization process, e.g., crystal nucleation, crystal growth regulation, it is difficult to give them a meaningful generic name. For convenience here, we can think of them as "accessory" proteins. In general, the bone, dentin and cementum proteins are acidic in nature, rich in glutamic acid, aspartic acid, and, in dentin, exceptionally rich in serine, frequently as phosphoserine. Taking advantage of many recent advances in the cloning, sequencing and chromosomal localization of these proteins, Fisher et al. (2001) considered the set of acidic mineralized tissue matrix proteins as belonging to a group with similar biochemical properties and related genetic features and called them the SIBLING (Small Integrin-Binding-Ligand-Nlinked Glycoprotein) family. The gene relationships are not clear, although most, in the human, are closely linked in the same chromosomal region, 4q21 and have a similar exon-intron organization. They all contain one or more consensus sequences for phosphorylation by casein kinase II, suggesting that their phosphorylation is important to their function. Fisher has made the cautionary point that, in vivo, members of the SIBLING family may have regulatory functions different from direct involvement in mineralization. Indeed, all of these molecules have several distinct sequence domains and potentially may be multifunctional molecules within the extracellular matrix. The story may not end there. There are other genes that encode secretory Ca-binding phosphoproteins including the enamel matrix proteins (EMPs), milk caseins and salivary proteins. These genes are clustered on human chromosome 4q13 and appear to be a related gene family. It has been argued that the SIBLING protein genes, clustered on human chromosome 4q21, only 15 Mb distal to the EMP cluster, are related to it and arose from the same common ancestor by gene duplication (Kawasaki and Weiss 2003) .
The first acidic phosphoproteins of a mineralized matrix to be identified were in dentin Schlueter 1963,1964; Schlueter and Veis 1964) and described in detail by Veis and Perry (1967) . The major phosphoprotein was subsequently named "phosphophoryn" or phosphate carrier protein (Dimuzio and Veis 1978a,b) , because it was more than 50 residue % serine of which 85-90% was phosphorylated. The phosphophoryn (PP) could have just as easily been named for its very remarkably high content of aspartic acid, which in bovine dentin accounted for 40-45 residue % (StetlerStevenson and Veis 1983). It is perhaps unfortunate that PP was the first of the SIBLINGS isolated and described, as it is the most unique member of the family. The other members generally have less serine (and consequently lesser phosphorylation), less aspartic acid and more glutamic acid. However, PP is present in the teeth of all vertebrate species examined (Rahima and Veis 1988) , and may be very primitive in origin. Odontodes and teeth were the first vertebrate mineralized tissues (Donoghue and Sansom 2002) . Table I lists the SIBLINGS, their origin and relationships. The majority of these proteins are in bone. In vitro studies of the mineral nucleating ability of SIBLINGS osteocalcin, osteopontin, bone sialoprotein (BSP) and PP. Hunter et al. (1996) suggested that BSP and PP could be nucleating agents, whereas osteopontin might function as an inhibitor of hydroxyapatite formation.
PP is initially synthesized as a larger precursor molecule, dentin sialophosphoprotein (DSPP). The DSPP molecule has never been isolated intact, because it is processed into three portions. The N-terminal portion corresponds to the molecule known as DSP, dentin sialoprotein. The C-terminal portion is PP. A central connecting portion is cleaved out by proteases (not yet defined) and the central peptide has not been isolated from tissues. The C-terminal PP domain is highly conserved among species and has unusual sequences of (DSS) n repeats, with n as large as 13 (George et al. 1996 ). These sequences can be phosphorylated by the casein kinases and the phosphate and carboxylate groups can create an extended template-like structure with the potential ability to bind Ca 2+ ions in an organized array. Ser residues located in acidic sequence environments are generally good substrates for phosphorylation by tissue casein kinases George et al. 1993; Sfeir and Veis 1996) . PP contains many Ser residues at consensus sites which could be phosphorylated by either casein kinase II or casein kinase I and are consequently highly phosphorylated and markedly enhance the number of anionic, negatively charged residues, creating patches which can bind multivalent cations such as Ca 2+ . In solution, the PP and similar proteins have a high capacity for cation binding, hence they form complexes which remain soluble and by reducing the net ion activity coefficient, inhibit the precipitation of Ca ions. On the other hand, Crenshaw and colleagues (Lussi et al. 1988 , Linde et al. 1989 Saito et al. 1997 Saito et al. , 1998 Saito et al. , 2000 showed that when immobilized to a collagen or other polymer surface, bound PP will induce crystal formation. DMP1, another dentin acidic matrix protein with a lesser content of both phosphoserine and aspartic acid, but richer in glutamic acid, can initiate hydroxyapatite crystal nucleation when deposited on a glass surface (He et al. 2003 ).
In addition to its potent Ca ion binding capacity, the PP strongly binds to fibrillar collagen Veis 1986, 1987) . When bound, the PP enhanced the ability of the fibril network to bind and retain calcium ions. However, the binding of Ca ion was complex in that two binding affinity constants were found. The binding of PP to the collagen was also complex, indicating regions of differing PP binding capacity. Although immuno-electron microscopy demonstrated that PP was bound predominantly at the e-band of turkey tendon collagen fibrils, it was evident that several binding domains of lower affinity were present (Traub et al. 1992a) . As shown in Figure 10 , the e-band is near the middle of the gap region. Direct visualization of the binding of PP to monomeric collagen (Dahl et al. 1998; Veis et al. 2000) by rotary shadowing electron microscopy showed that the highest affinity site for PP interaction was between helix residues 680-720 along a monomer. However, this required very high collagen to PP ratios. As the relative content of PP was increased additional binding sites were revealed. This was true as well for the collagen assembled into fibrils. An analysis of the charge distribution along the fibril surface suggested that there would be charged group constellations favoring binding at the gap zone boundaries as well as in the e-band site ) (see Fig. 10 ). Saito et al. (2000) not only showed that the binding of PP to collagen was crucial for nucleation of apatite deposition, but also that the binding site involved the collagen telopeptide domains which would be at the gap region edges. More work is necessary to clarify the nature, location and number of matrix protein binding sites on a collagen fibril, and which telopeptides might be involved. No comparable studies have been made for the other SIBLING proteins, but they may also bind to collagen fibrils in specific fashion. The enamel matrix proteins are discussed below.
Mineral placement
The geologically produced igneous apatites are large and well-crystallized. The unit cell, ideally Ca 10 (PO4) 6 (OH) 2 in composition, is a right rhombic prism. In the basal plane, the a and b dimensions are equivalent at 9.432Å. The c-axis spacing is 6.881Å. Crystal growth is preferentially in the c-axis direction. Hydroxyapatite crystals grown from supersaturated solutions of calcium phosphate or via biological processes rarely have such a composition or size. More generally the crystals are of submicroscropic size, and are nonstoichiometric. They may be calcium-, hydroxyl-and phosphate deficient, and most frequently have substitutions of divalent and trivalent cations for Ca + , F − for OH − and CO 3 2− for phosphate. The general formula for the non-stoichiometric hydroxyapatite is Ca 10−x H x (PO 4 ,CO 3 )(OH) 2−x . From the very earliest electron microscopic and x-ray diffraction studies it was demonstrated that the crystals of apatite within a bone or dentin matrix are small and plate or needle-like, oriented so that the c-axes of the apatite crystals are near parallel with the collagen fibril axis. Many studies show bone apatite crystals to range between 250-350 Å in their largest dimension with a thickness of 25-50 Å. Further, the small, discrete crystals are placed so as to yield the same ~67 nm periodicity as the collagen fibrils (Glimcher et al. 1957; Glimcher 1976) . These, and similar, observations led to the general conclusion that the crystals were mainly limited to deposition within the gap regions of the collagen fibrils. One of the most convincing studies in this respect was that of White et al. (1977) who showed by low angle X-ray scattering and neutron diffraction in mineralizing turkey tendon that the first deposits of mineral indeed were likely to fill the gap region of the collagen fibrils. The turkey tendon system was especially favorable for that study, as the tendon collagen fibrils were highly oriented and thus gave excellent diffraction patterns. Traub et al. (1992b) used transmission electron microscopy to examine the first traces of mineral density at the mineralization front in turkey tendon and determined that the initial mineral density was located near the center of the gap zone, at the e-band position. As discussed below, it is less likely that this is the case in the mineralization of the collagen of bone or dentin.
Whatever the order and placement of the crystals, the primary mechanical properties of the bone matrix-mineral composite are determined by the collagenous matrix. The continuity of the bone and its shape and tensile strength are defined by the collagen matrix. Demineralization of a long bone, removing the mineral with acid or a Ca ion chelating agent such as EDTA (ethylene diamine tetraacetic acid) under conditions where degradation of the crosslinked collagen is inhibited, results in a structure that retains the shape and external volume of the original bone. It also retains high tensile strength, but becomes flexible and is easily bent. On the other hand, following deproteinization under conditions that do not support changes in the mineral crystal size the mineral phase looks to have the shape and volume of the original bone, but is friable so that under minor stress it disintegrates into the individual small crystallites. This demonstrates the mineral particles are not fused, but are independent of each other and have no macroscopic continuity or compressive strength. Different bones have different macroscopic physical properties because of the way in which the collagen fibril network is organized in three dimensions. At the meso scale, within a single collagen fibril bundle, the relationships of both intra-and inter-fibrillar crystals to an individual collagen fibril are probably similar in nature.
The three-dimensional network of fibrils in a particular tissue is assembled into a defined array by the cells (osteoblasts, odontoblasts, cementoblasts, fibroblasts) that secrete the molecules of bone, dentin, cementum and tendon, respectively. Initially the network is in non-mineralized form as osteoid or predentin. As discussed earlier there are three types of space within these arrays, two of which are intrafibrillar, within a single fibril, while the third is between the fibrils. The gap region space, may have the gaps aligned to form channels through the fibril over significant distances (Katz and Li 1973a, b) , but there are also pores between molecules within the fibrils, even in the overlap zones. Because of the higher chain packing density in the cross-link regions and the balance of the overlap, the pores themselves are not uniform in terms of their length in the axial direction. The liquid-like disorder in the radial direction within the overlap zone, but excluding the higher crystallinity zones containing the cross-linkages, compounds the problem further. The literature is replete with discussions about the space available for insertion of the non-collagenous proteins and micro anions and cations necessary to initiate crystallization, into the matrix, using a variety of physical properties; sonic velocity, tissue anisotropy, density, dielectric constant and composition among others. Adult wet bovine cortical bone was estimated to be 25% by volume water, 32% organic matrix (mostly collagen) and 43% mineral (Lees 1981) . Of the mineral 28% by volume was in the gap zone, 58% was radially intrafibrillar (in the pores), and 14% was radially extrafibrillar. If the mineral is nucleated in the gap zones it is clear from these mineral volume estimates that, once initiated, crystallization moves along the fibril surface outside of the holes or channels. The situation can be drastically different depending on the type of bone. The design of a particular bone or tooth is directly related to its function. Consider the differences between a rat incisor and a rat molar tooth. The rat incisor tooth is a continuously growing structure designed for puncturing and tearing. It must be rigid and resistant to bending, yet not brittle or easily cracked. The incisor wears at the incisal end by abrasion; it is self-sharpening as the incisal edge is continuously renewed. This is achieved by having an outer layer of hard, brittle enamel lying on the less mineralized and more compliant dentin. The dentin at the incisal edge is more easily removed by abrasion leaving the enamel sharpened at the incisal edge. The enamel is abraded at a slightly lower rate than the dentin. The permanent, non-renewing rat molar tooth, on the other hand, is used for mastication. It has a high compressive strength and a hard, non-deformable, enamel surface structure, with good wear resistance provided by the underlying dentin which also contributes to the compressive strength. Similarly, compact, cancellous lamellar and membrane bone have different physical properties within the same animal to match their differing requirements for toughness, compressive and tensile strength. Their physical parameters such as the Young's modulus and tensile strength may be very different. For example, deer antler bone has a higher toughness than compact bone, but a lower stiffness. Different mineralized structures also have varying mineral content, and the extent of mineralization in a particular mineralized tissue is an age dependent property (see Currey 2001) .
Figure 12 (Lees and Prostak 1988) shows the organic matrix/mineral weight ratios in a variety of animals. The rostral bones of the toothed whale, Mesoplodon densirostris, are hypermineralized, with a mineral content of 87% by weight. The collagen is largely comprised of thin fibrils in tubular networks, aligned in longitudinal register. The mineral rods are enclosed within the tubular network. In this case, it is not clear that the collagen has any intrafibrillar gap or pore mineral (Zylberberg et al. 1998 ). The toughest and most compliant bone is in the deer antler, with an organic matrix/mineral weight ratio of 0.6 g organic matrix/g mineral. In this case the collagen matrix represents > 53% of the bone volume. The highest compressive strength but stiffest bone is in the rostrum and other hyperdense bones. Although difficult to quantify, there is a clear relationship between toughness and organic matrix content (Burr 2002) .
Compact lamellar bone is quite complex in structure. The lamellae are clearly visible in SEM micrographs of fracture surfaces of bone. (Fig. 13A) . The lamellae have an organized, layered substructure in which the collagen is organized into five subarrays of parallel fibrils. The fibrils within adjacent sublamellae are rotated by approximately 30º to form what has been called a rotated plywood structure (Weiner et al. 1991 (Weiner et al. , 1997 . noted that in each subarray the individual fibrils were either thick or thin. Layers of the thick fibrils were rotated at about 30º, but the arrays of the narrower fibrils were at about 70º to an adjacent array of the thicker fibrils. The narrow fibril arrays were essentially separators at boundaries between the thick fibril arrays; thin fibril arrays were not adjacent to each other (Fig. 13B) . In addition to the changing orientation of the collagen fibrils the crystal c-axes are not directly aligned with the underlying fibril axes. Electron microscopic, small angle scattering (SAXS) and acoustic microscopy data showed that c-axes of the crystals are oriented along the external long axis of the bone whereas the collagen fibrils were aligned at 30° to that direction (Fratzl et al. 1992 (Fratzl et al. , 1996 Turner et al. 1995) .
As pointed out above, all of the mineral in a mature bone cannot fit into the hole zones of the collagen fibrils. Even in the supposedly simple model system of the turkey tendon mineralization, where nucleation was demonstrated to be related to the gap zone (Traub et al. 1992b) , the platy crystals that developed in vivo were larger than the gap zone space (Traub et al. 1989) , thus, if they nucleated within the gap zone they would have had to grow out of the gap, into the intrafibrillar pore space, or out of the fibril to interfibrillar locations. Landis (1995a,b) took advantage of high voltage electron microscopy and tomographic imaging techniques to reconstruct the placement of mineral within a mineralizing zone of turkey tendon, and in the bone of a normal mouse and a mouse strain (oim/oim) that exhibits the properties of osteogenesis imperfecta, a genetic disorder leading to bone fragility. In these and subsequent studies (Landis and Hodgens 1996; Siperko and Landis 2001) it was evident that in the avian tendon and normal bone the platy crystals did initiate in the collagen gap zones and penetrate in register across the gap channels as proposed by Traub et al. (1989) , but they also grew out of the gaps in the axial direction and extended in the pore spaces in the overlap zones, separating the collagen layers. Similar crystal initiation and growth were seen in oim/oim mouse bone, but the collagen fibrils were more disordered, and the initial crystallites were smaller and did not retain their registration with the fibrils as they grew. The current scheme is illustrated in Figure 14 and described in the accompanying figure legend. The mineral phase develops in all three locations as predicted much earlier by Katz and Li (1973a,b) .
The effect of mineralization on collagen cross-linking, and the compaction of the collagen fibril structure (Lees 2003) indicate that there are changes in matrix architecture during mineralization. To follow this in detail Beniash et al. (2000) selected rat incisor dentin as the model system. Cryosectioning (−100 to −115ºC) was used to retain the in situ structure, followed by vitrification of water in the sections by plunging them into liquid ethane at liquid nitrogen temperatures. This process prevented dimensional changes due to ice crystal growth. Sections were obtained at a slightly oblique angle so that the entire range of collagen structures could be seen from the first secreted collagen fibrils near the odontoblast surface through the proximal, central and distal portions of the predentin and into the dentin. The cryosections were stained with uranyl acetate, or anti-PP antibodies conjugated to 1.4 nm gold particles. Mineralization began in the distal portion of the predentin at the mineralization front. PP deposition, as detected by the gold-conjugated anti-PP antibody, began at the mineralization front and continued into the mineralized dentin, as shown earlier (Rabie and Veis 1995) . The fibril diameter and packing density increased in traversing from proximal to distal portions of the predentin. In the distal zone entering into the dentin the collagen fibrils became essentially contiguous and filled all the space available. Thus, much of the non-collagenous components of the initially deposited predentin matrix and their associated water of hydration were removed as the collagen network became more densely packed. The highly hydrated proteoglycans of the predentin appear to be excluded from the dentin; they are not present in mineralized dentin. The collagen uranyl acetate banding pattern Figure 14 . A combined schematic of the hierarchal development of mineralized bone as proposed by Siperko and Landis (2001) and Landis (1996) (rearranged and combined with the permission of the author and Elsevier). At the left, the model depicts the assembly of molecules into the native staggered array, and the initial placement of the mineral within the hole spaces and fibrils. Beginning with D the mineral overgrows the hole and intrafibrillar deposits and begins to fuse to larger plates.
The plates retain their axial periodic features all the way though stage I. Finally, there is surface mineralization not directly related to the underlying collagen hole-overlap structure.
changed significantly from proximal to distal predentin, from a D-periodicity of 67 to 71 nm. In contrast to the localization of the PP at the e-band in calcifying turkey tendon (Traub et al. 1992a) , immunogold labeling showed the PP to bind at the gap-overlap boundaries rather than at the e-band, as predicted by Veis et al. (2000) and Saito et al. (2000) . These data all lead to the conclusion that both the collagen fibril packing and detailed molecular relationships such as cross-linking within the individual fibrils change in the vicinity of the mineralization front as the PP-binds and the collagen begins to mineralize. PP is absent from the bone matrix and it is not yet clear which of the SIBLING proteins may carry out that function. The most probable candidate appears to be bone sialoprotein, BSP, which clearly enhances the binding of mineral to collagen matrices, via a sequence of eight contiguous glutamic acid (E) residues Tye et al. 2003) . The regions on the collagen to which the BSP may bind have not been determined, nor has the conformation of the acidic domains within the BSP been examined. However, BSP binding to collagen may be mediated by decorin binding to both collagen and BSP (Hunter et al. 2001 ). Both of the two poly-E sequences in BSP are required for hydroxyapatite nucleation, suggesting that there may be a conformation that pairs these domains when Ca ions are bound. A similar situation is evident in DMP 1 (He et al. 2003) in which two acidic, E-rich domains fold together to form the calcium binding, crystal nucleating domain. No such domains are present in PP so that a different mechanism of nucleation may be involved.
There are a number of paradoxes in considering the properties of bone and dentin. On the one hand, each is essentially a two component system, an organic matrix of mainly type I collagen fibrils packed at the molecular level into very similar molecular arrays, and a crystal phase of calcium hydroxyapatite. On the other hand, the mesoscale organization of the collagen fibril matrix varies from on species to another, from one tissue to another in the same animal, and even from one portion of a bone or tooth to another. Likewise, the mineral phase is disposed differently in different bones, the crystal size varies and the mineral composition is not fixed. The calcium, hydroxyl and phosphate groups can all be replaced with other ions to some extent. Further, in the same bone, the crystal-collagen relationships may vary with age of the host animal. The relevant cells obviously guide and control all aspects of the tissue organization and composition. Bone and cementum differ from dentin in this respect. Bone is in a constant state of high metabolic activity and is being remodeled throughout life; the adult male human skeleton is entirely replaced about every seven years. Dentin, once put into place is not remodeled and generally, in the absence of pathology is not subject to controlled removal. However, mature dentin is not an inert structural entity. The odontoblasts remain alive throughout life and continue synthesis of dentin matrix at a low level. The primary dentin is complete at the time in development of the closure of the tooth apex (final production of the root). Following that, production of new dentin (secondary dentin) continues at a low rate, and with a somewhat different structure. Although the outer appearance of a tooth may be identical between a 20 year old and a 70 year old person, the secondary dentin production reduces the inner space available for the dental pulp in the older individual. The blood, and hence nutrient, supply to the pulp fibroblasts and dentin-lining odontoblasts diminishes.
The discussion of bone mineral placement has focused on compact bone, because that has been the easiest to study. However, the cancellous bone, in the end-regions of a bone adjacent to the cartilage of the joints, is not compact, but is an open network of mineralized collagen fibers with only 7-15% bone and the balance marrow. The mineralized collagen fibrils of the network, the trabeculae, may have very different microarchitectures within a bone. In general, however, the trabeculae are aligned in the direction of principle stress within the bone. Small angle X-ray scattering has shown that the collagen fibers and mineral crystals within the trabeculae are predominantly aligned parallel to the trabeculae. Banse et al. (2002) have examined the structure of bone trabeculae in relation to the resultant mechanical properties of the bone. They determined the amount of mineralized bone, osteoid, and collagen, and the nature of the collagen cross-links in relation to the bone volume fraction, trabecular thickness, number, spacing and length. The major correlations found were between the bone volume fraction and the ratio of immature (e.g., hydroxylysinonorleucine (HLN)) cross-links to mature crosslinks (hydroxylysylpyridinoline (HP) and pyrrole (PY)), and in the ratio of mature crosslinks to each other, PY/HP. The higher the PY/HP the thicker were the trabeculae. The important message of these results is to emphasize the close relationship between the orderliness of the collagen fibril network in the mineralizing matrix and the placement of the mineral within the matrix. Considering that the cross-linking chemistry is dynamic and changes with the cross-link maturation and tissue mineralization state, it will be extremely important to correlate these very diverse properties and reactions in terms of the functional mechanical properties of various types of bone. Ultrastructural studies of bone in the future must be correlated with the collagen cross-linkage chemistry and crosslink distribution. Another example can be seen in dentin. The dentinal tubules, cell processes that run through the dentin from the predentin to the dentino-enamel junction, are surrounded in many species, particularly prominently in man, with a highly mineralized collar of peritubular dentin. The organic components of the peritubular dentin are different from that of the bulk intertubular dentin, and there is relatively little collagen ). There are clearly positional differences in properties, such as hardness and elastic properties related to the disposition of the tubules and extent of the peritubular dentin (Kinney et al. 2002) . Thus, bone and dentin are complex composites and their physical and chemical properties have to be considered at various levels: nanoscale, microscale and mesoscale organizations.
TOOTH ENAMEL

Cellular compartmentation
Vertebrate teeth are covered with a dense mineralized layer of a collagen-free carbonated apatite, the enamel. In humans mature enamel is about 95% carbonated apatite, about 2% organic matrix and 2% water. Immature enamel, however, is highly proteinaceous and the mineral phase increases and hardens slowly during tooth development, a process that begins early in fetal life. After the rostral-caudal orientation of the embryo is set, the cells forming the neural crest migrate in the head direction, as they advance and expand cellular outgrowths bud off laterally forming the branchial arches. The first branchial arch divides to form the maxilla and mandible and define the oral cavity. The teeth form along the developing mandible and maxilla in specific locations specified by a number of homeobox genes. The first sign of a tooth is a localized thickening of the oral epithelium that begins to invaginate into the underlying oral mesenchyme. In response to the epithelial thickening mesenchymal cells begin to condense and present a surface around which epithelial cells fold. The patterns of epithelial folding and mesenchymal cell condensation determine the ultimate shape of the tooth. The layer of epithelial cells folded in contact with the mesenchyme becomes the inner enamel epithelium (IEE), the cells which will ultimately differentiate to become the ameloblasts and construct the enamel. The condensed mesenchymal cells, the dental papilla, in contact which the IEE will differentiate to ultimately become the odontoblasts and the remainder of the papilla will become the dental pulp cells. It is beyond the scope of this article to consider the many signaling events based on the epithelial-mesenchymal interactions during the differentiation and cell maturation processes that control the rates of differentiation. It will suffice to say here that the cells of the IEE form a continuous layer or sheet in which the preameloblasts have a cuboidal appearance. As they differentiate to their mature form the preameloblasts elongate and their nuclei recede proximally away from the dentino-enamel junction (DEJ) producing highly polarized secretory cells. At the DEJ, the ameloblasts form a secretory structure similar to dentinal tubules in function but not shape. These asymmetric, tapered cell extensions, called the Tomes' processes, define spaces into which a number of specialized proteins and the mineral ions are secreted. The enamel mineral is nucleated and the crystals grown within in these limited chambers defined by the surfaces of adjacent Tomes' processes at the apical ends of the ameloblasts. Mineralization is initiated at the DEJ, and the mineral forms as thin ribbon-like hydroxyapatite crystals in small bundles called prisms. As the crystals grow in length and the enamel layer thickens the ameloblasts recede from the DEJ, however, each cell retains the closed Tome's process space and the same bundle of apatite crystals, the same prisms, continue to elongate in the direction of the outer enamel surface. Each enamel prism, made up of thin ribbon-like crystals is thus the product of a single secretory cell. The initial ribbons grow in length and may be continuous from the DEJ to the tooth outer surface. When the enamel has reached its full thickness, the ameloblasts cease their secretory production of enamel and enter a post-secretory, resorptive phase, cleaning up in a sense, the enamel surface before dying and sloughing off the tooth surface. The ameloblasts, and hence the prisms, follow a sinuous path to the outer tooth surface and the prisms form interlocking structures that contribute to the strength of the enamel, but this structure is dependent on the location within the tooth, the tooth function, and the species of animal producing the enamel.
Enamel matrix proteins
The mature ameloblasts secrete a complex mixture of proteins, glycoproteins and proteolytic enzymes into the extracellular Tomes' process compartments, and these proteins control the growth and form of the mineral phase. At the early stage of apatite development the majority of the proteins are amelogenins, essentially hydrophobic proteins that aggregate and fill the inter-Tomes' process spaces. There are, however, other proteins and proteases present. The enamel matrix proteins, as noted earlier, fit into a phylogenetic clade rising by gene duplication from the same primordial ancestor gene as the SIBLING proteins. Ameloblastin and enamelin are closely grouped on human chromosome 4q13 while amelogenin, more distant in structure and function, resides on the X and Y chromosomes (Kawasaki and Weiss 2003) . The genes for amelogenin (AMEL), ameloblastin (AMBN) and enamelin (ENAM) have all been sequenced in a variety of species and found to be different, but highly conserved across species and the amino acid sequences have been determined from protein data as well. It is important to note that all of these proteins are essentially removed during the formation of the enamel, so that the mature enamel is only 1-2% protein. Thus, the mineralizing compartments are undoubtedly changing in content during the entire process of mineral development. This is clearly reflected in the amelogenin content. When isolated from teeth undergoing mineralization, the amelogenin fraction is very heterogeneous, so that many amelogeninrelated peptides can be seen on SDS-gel electrophoresis. Most of these are degradation products of the full-length protein. However, the amelogenin gene is subject to alternative splicing. In the mouse up to nine peptides corresponding to specific gene splice products have been identified (Hu et al. 1997) . AMBN and ENAM proteins have also been found to be degraded during their existence in the mineralizing enamel matrix.
The amelogenin-related peptides account for more than 90% of the initial enamel matrix. Crystal growth begins in this amelogenin-rich milieu. Full-length amelogenins have between 173 and 210 amino acids, depending on the species, with a molecular weight approximately 27 kDa. The molecule has essentially three domains. The first 50 amino-acid terminal sequence of the secreted protein is highly conserved in most species and contains an internal YxxxxYxxxxxxWYxxxxxxxYxxYxY motif, where W is tryptophane and Y is tyrosine as in the human sequence:
MPLPPHPGHPGYINFS*YEVLTPLKWYQSMIRPPYSSYGYEMPGGWLHHQ-
The underlined GW is a conserved proteolytic cleavage site between G45 and W46, The S* represents a single phosphorylation site. The cleaved N-terminal 45-mer peptide is designated as the TRAP peptide. Another highly conserved sequence is at the C-terminus. The final 29 residues, corresponding to exon 6d and 7, PLPPMLPDLTEAWPSTDKTKREEVD is polar and acidic. This acidic tail is a very important feature of the intact amelogenin molecule. The splice product peptide comprised from the amino acids encoded by exons 2, 3, 5, 6d,7, 59 amino acids in length, is known as the "leucine rich amelogenin peptide" LRAP. The hydrophilic 14 residue peptide encoded by exon 4 is usually not expressed, the long peptide sequence encoded by exon 6a,b,c in the large molecular weight amelogenin is quite hydrophobic.
Ameloblastin (also called amelin or sheathlin) is the second most abundant protein in the secretory enamel matrix. The nascent AMBN has a M r ≈ 68 kDa but this is rarely found in the enamel matrix since, like the amelogenin, it is proteolytically processed rapidly to a series of peptides with apparent molecular weights of 52, 40, 37, 19, 17, 16, 15, 14 and 13 kDa, all of which have been detected on gels (Brookes et al. 2001 ). In the rat incisor, the 68, 52, 40, 37 and 13 kDa forms are readily soluble and can be extracted in simulated enamel fluid. The 19, 17 and 16 kDa proteins were only partly soluble in the enamel fluid and required phosphate buffers to wash them from the mineral surface. The 15 and 14 kDa peptides and the final part of the 17 and 16 kDa peptides were obtained only after dissociative extraction in SDS-containing buffer, apparently because they formed an insoluble aggregate in vivo and were bound to the mineral phase. In vivo the AMBN proteins were completely absent from mature enamel. The function of the AMBN is not known, but the aggregated peptides may be accumulated at the growing prism surfaces and prism boundaries, hence the name sheathlin.
Enamelin is present in still smaller amount in the secretory enamel, but it is strongly bound and represents the major protein of the mature enamel, bound to the enamel crystals. It cannot be dissolved without dissolution of the mineral phase (Termine et al. 1980) . Mouse enamelin has been cloned and is postulated to have a sequence of 1236 amino acids, a pI of 9.4 and a calculated molecular mass of 137 kDa without consideration of any post-translational modifications. It is immediately processed upon secretion into the Tomes' process compartment to lower mass fragments. It is processed stepwise from the carboxyl terminus to products of 155, 142, and 89 k apparent molecular mass, each of which retains the amino-terminus (Fukae et al. 1996) . The 89 kDa form accumulates but is further processed to 32 and 25 kDa products. The 32 kDa form is glycosylated and phosphorylated and has an isoelectric point of pH 6.4, and accounts for about 1% of the enamel matrix protein (Tanabe et al. 1990 ). The enamelin degradation products are present in the secretory enamel, but disappear as the enamel matures. The enamelin is not present in the prism sheaths but is restricted to the rod and interrod crystallites. The functions of the enamelin cleavage products are not known .
The final enamel matrix protein of note is tuftelin, a protein localized to the DEJ, potentially nucleating crystallization of the enamel rods. There have been several different descriptions of the tuftelin proteins, first described by Deutsch et al. (1989) and there was significant disagreement in the data (Deutsch et al. 1998; MacDougall et al. 1998) . Tuftelin mRNA has been detected in some non-dental tissues . Human tuftelin cDNA has been sequenced and shown to have an open reading frame of 1170 bp, encoding a 390 amino acid protein with a calculated M r = 44.3 kDa and isoelectric point of pH 5.7. The tuftelin gene contains 13 exons and alternatively spliced mRNAs have been detected (Mao et al. 2001 ). An intact protein corresponding to the cDNAs cloned as tuftelin, has not yet been isolated from the enamel matrix.
ENAMEL MINERALIZATION
The spaces defined by the Tomes' processes are initially filled with the ill-defined mixture of matrix proteins and degradation products described above, but are richest in the amelogenins (> 90%). Early electron microscopic studies of the nature of the enamel matrix suggested that the matrix was organized into periodic substructures of globular particles (Ronnhölm 1962; Travis and Glimcher 1964) . That idea was challenged in many studies over the years, but was finally substantiated when the amelogenin was sequenced, cloned and the recombinant protein was prepared in sufficient quantity for study. In a brilliant series of studies led by Alan Fincham (Fincham et al. , 1995 (Fincham et al. , 1998 Moradian-Oldak et al. 1994 , 1998a ,b, 2000 it was shown that the amelogenins showed a temperature-dependent, pH dependent self-association to form globular units called "nanospheres" about 20 nm in diameter. The nanospheres aggregated to form an extensive gel-like network, and it was proposed that, in the tooth the enamel apatite crystals grow within this network to ultimately fill the entire space. The assembly of the nanospheres, and their coalescence into larger fused aggregates depends on the integrity of the amelogenin molecules. The most amino-terminal domain, the "A-domain," appears to be necessary for the assembly into uniform size nanospheres, while the "B-domain" at the carboxyl-terminal region (lacking residues 157-173 in mouse recombinant amelogenin rM179) blocked their fusion to larger, more irregular aggregates (MoradianOldak et al. 2000) . Deletion of the A-domain in transgenic mice delayed the initial formation of aprismatic enamel in the molars and caused severe structural abnormalities in the incisor enamel. B-domain deletion yielded a less drastic phenotype (Dunglas et al 2002) . The amelogenins and most other proteins are degraded as mineralization proceeds to make space for the hydroxyapatite. In the end, the proteins that do remain, principally the enamelins, are accumulated at the surfaces of the apatite crystals. It is not clear as to the function of the residual protein in the mechanical properties of the enamel, but it has been suggested that they do moderate crack propagation and fracture in the otherwise brittle, highly crystalline apatite.
Since it is removed, the function of the amelogenin rich matrix is not related directly to the strength or toughness of the final product, in distinct contrast to the collagen of bone. However, there must be a very specific role for the amelogenins in providing the environment in which the crystals grow. In mouse molar teeth enamel mineral organization is not uniform throughout the tooth but is distinctly less organized at the region of the DEJ . The enamel crystals begin as very thin ribbons with elongated hexagonal cross sections representing the a,b planes. The crystals grow in their c-axis direction. Figure 15 shows the earliest crystals forming in porcine enamel. The organization of the ameloblast layer essentially determines the packing of the enamel rods, probably via asymmetric secretion of matrix proteins through the adjacent Tomes' processes. In different teeth, and in teeth from different species, the sizes and organization of the enamel rods differ greatly. The materials properties of the different enamels are determined by the layering and intertwining of the apatite rods. This process is under direct cellular control and relates to the organization of the Tomes' process chambers. Thus it is difficult to consider the enamel as much of a protein composite material in comparison with the matrix-dominated underlying dentin. In spite of the paucity of organic matrix in the final enamel, Fincham et al. (1999) proposed that enamel formation was a typical matrix-regulated process in which 1) the Tomes' process and dentin at the DEJ delineate the initial space; 2) secreted proteins assemble in that space and form a supramolecular structural framework; 3) mineral ions are conveyed via the ameloblasts into the delimited space at a concentration sufficient for precipitation; 4) apatite crystals are nucleated by the macromolecules near the DEJ and grow into elongated prisms, with their subsequent growth, morphology and orientation all controlled by the matrix organization; and 5) the matrix is degraded and crystal growth ceases, the degradation products are removed as the crystals mature and harden. The removal of the matrix is unique to the enamel with respect to the other matrix regulated mineralization systems. The initial deposition of enamel at the dentino-enamel interface (DEJ) in a mouse mandibular molar . There is a very striking difference between the small, collagen-associated crystal organization in the dentin, and the giant, elongated apatite crystals within the enamel rods. Each rod or prism, contains many aligned apatite ribbons, and each prism represents the mineral deposited in a single Tomes' process compartment by a single ameloblast. In the lower right and upper left one can see how the prisms change orientation and begin to interweave. (B) Low-resolution electron microscopic cross-section of crystals found in early secretory porcine enamel. The thin, hexagonal shape, and the matrix filled space are evident. (C) A high-resolution electron micrograph of a single growing porcine enamel crystal cross-section. The stepwise growth along the elongated edges of the crystal emphasize the much greater rate of growth at crystal ends. The bar = 10 nm. (Figures B and C from Miake et al. 1993) . All images reproduced with permission of Springer-Verlag.
OTOLITHS
The inner ear in humans is comprised from a bony labyrinth which forms a complex cavity. This cavity is filled with a membranous labyrinth, a fluid filled assembly of interconnected sacs and channels. The fluid filling the membranous labyrinth is called the endolymph. The central part of the labyrinth is the vestibule which has two membranous chambers, the utricle and saccule. Each of these membranes contains patches of epithelial hair cells projecting into the gelatinous endolymph. These hairs support masses of aragonitic calcium carbonate, the otoliths, which function in both hearing and gravitational orientation. The patches of epithelial hair cells are associated with the vestibular nerves in a complex called the macula. The otoliths of mouse and teleost fish are similar and have been studied in biochemical detail. The principal structural glycoprotein of the matrix in vestibular endolymph is otoconin-90 (Oc90). The Oc90 is a potentially highly glycosylated protein of 453 amino acid residues, with two domains of strong homology to secretory phospholipase A 2 . The aragonitic otoconia form on the Oc90-rich matrix gel. However, the Oc90 mRNA is not expressed in the sensory macular epithelia related to the otoconia, but is produced elsewhere in the non-sensory epithelia (Wang et al. 1998) . Borelli et al. (2001) compared the proteins of the otolith with the endolymph protein. Although the total organic content of the mineral was about 0.2% of the total weight, the mineral related proteins were 23% collagen, 29% proteoglycan and 48% other proteins. The endolymph contained all of the protein components of the mineralized matrix, plus others, in larger amounts. Thus, the proteins accumulated in the mineral were selectively retained. The distribution of proteins in the gel-like endolymph was also non-uniform in terms of total concentrations, but not in relative content. Alcian blue staining, which reveals anionic components, suggests that the proteins and proteoglycans do form an anionic environment from which the calcium carbonate does crystallize. Glycogen may also be present (Pisam et al. 2002) . Much more work remains to define the mineral deposition processes to form the otoliths. The saccular arrangement of the compartments in which the otoliths form, with the endolymph constituents delivered by epithelial cells not directly associated with the macula is reminiscent of the process by which the avian eggshell develops. Perhaps it would be of interest to compare the components of eggshell and otolith systems to determine any similarities that might relate to the formation of carbonate rather than phosphate containing mineral phases.
A mechanistic model
Each of the systems discussed here have very specific attributes and control points for the assembly of its specific biomineralized tissue, yet they also have many points in common. In a sense one may consider that all use a similar overall strategy but each case demands the use of different local tactics to achieve structures with different properties. Figure 16 summarizes the overall scheme we propose for the mineralization of bone and dentin. However, in different mineralizing systems in the vertebrate and invertebrate worlds, the variety of tactics which lead to the enormous diversity of biominerals in different species, and within the same animal, can be thought of as merely the result of substituting different components, at different concentrations, along each of the arrows. Thus chitin in the mollusc shell could substitute for the collagen in bone. The whole train of events is orchestrated by the cells that produce or transport the components that comprise the mineralized tissue. As complex as Figure 16 may appear, there are a host of additional factors that have been ignored. At any given point in the lifetime of an animal the cells are forced to respond to numerous biochemical inputs including nutrients, growth factors, and hormones, and to mechanical stresses. Bone, dentin and cementum are living tissues, always responding to these factors and always changing in subtle ways to meet their functional responsibilities. Only enamel mineral is fixed in amount and structure after synthesis, once the ameloblasts have produced the enamel and have been removed by apoptosis. In the teleosts, the otoliths continue to grow by daily increments, so that in a given species the diurnal increments can be used to analyze age, growth rates and environmental effects.
The bone, dentin and cementum apatites have a similar structural collagen matrix, and similar accessory proteins that together limit the crystals to small size and platy shape and prevents the crystals from coalescing to larger sizes. They are thus organic polymer matrices with their physical properties determined by the arrangement of the polymer matrix and modified by the placement, arrangement and amount of the reinforcing matrix. The same main components can thus produce a varied spectrum of final mineralized tissues, and, as living tissues they are under the surveillance of functioning cells with the capability of tissue repair. The tooth enamel is distinctly different; it is essentially an impure crystalline array with the protein components present as minor constituents in the mature, non-living structure. The crystals or crystal prisms are macroscopic in size, at least in length, and cannot be repaired except by external supply of the requisite ions in the oral cavity and strict adherence to physical chemically determined solubility product equilibria as modified by the environmental pH. Nevertheless, the variations in structures of enamels from different species and in different teeth are under cellular control during the process of tooth formation and are essentially determined by the structures of the Tomes' process spaces and the genetically specified pathway of ameloblast migration during amelogenesis. The mechanical properties of the enamel are determined by the organization and interweaving of the elongated enamel prisms as they follow the sinuous path of the ameloblasts from the dentino-enamel junction to the outer tooth surface. Figure 16 . A generalized scheme for the construction of all matrix-mediated mineralized tissues, with emphasis on the bone and dentin systems. The three key steps, for which all of the players are not known, are the deposition of the structural matrix, the addition of structure-interactive-mineral interactive molecules onto the structural matrix and consequent nucleation of crystal formation, and finally, the regulation of crystal growth rate and crystal size by the further intervention of acidic macromolecules which may or may not be the same as the structure interactive molecules. It is postulated that similar schemes, depending on the nature of the structural materials, are used in all matrix-regulated mineralization systems.
